The morphology and electronic structure of ultrathin PbO films on silicon-supported Pb islands have been investigated with a low temperature scanning tunneling microscope. It is found that the PbO film acts as an insulating layer to electronically decouple the adsorbates from the metallic substrate. Due to the increased lifetime of spin excitation, the Zeeman splitting of individual manganese phthalocyanine molecules adsorbed on PbO could be detected with spin-flip inelastic tunneling spectroscopy. The ultrathin insulating films like PbO provide an effective way to control the electronic coupling in the nanometer scale. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3205118͔
Insulating thin films on metals are of great importance for the applications in the miniaturization of microelectronics, magnetoelectronic devices, and heterogeneous catalysis.
1,2 Interestingly, the adsorbed atoms/molecules on the ultrathin insulating films are significantly decoupled from the metallic substrate, while still accessible by scanning tunneling microscopy ͑STM͒ and spectroscopy ͑STS͒.
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The ultrathin insulators allowed for single molecule fluorescence, 7 single atom/molecule charging, [8] [9] [10] [11] [12] singlespin-flip spectroscopy [13] [14] [15] [16] [17] and direct imaging of inherent molecular orbitals. 18, 19 However, the ultrathin insulator systems that can be used for these studies are still very limited.
Here, we report a systematic STM/STS study of ultrathin PbO films epitaxially grown on Pb͑111͒ surface. We find that the bilayer PbO films with well-ordered structure suppress the electron density of states over a large range of energy around the Fermi level, and efficiently decouple the adsorbates from the metallic substrate. As a result of such decoupling capability, spin-flip spectroscopy of single molecules adsorbed on PbO could be realized.
The experiments were conducted in a Unisoku UHV 3 He STM system that can reach a base temperature of 0.4 K by means of a single-shot 3 He cryostat. Magnetic field up to 11 T can be applied perpendicular to the sample surface. The Si͑111͒ substrate ͑p-type with a resistivity of 0.2 ⍀ cm͒ was cleaned using the standard procedure of current heating at a base pressure of 1 ϫ 10 −10 Torr. Pb islands were prepared by depositing 7-8 ML of Pb followed by annealing at room temperature for 30 min. Because of its flattop geometry, 20 the thickness of a Pb island varies by one atomic layer on every successive silicon terrace.
On the Pb͑111͒ surface, PbO films were prepared by a two-step approach:
21 ͑i͒ low-temperature ͑ϳ90 K͒ O 2 adsorption at a pressure of 2 ϫ 10 −7 Torr for 90 s, followed by annealing at room temperature for 2 h to form ͑oxidized͒ nucleation centers and ͑ii͒ room-temperature oxidization with an O 2 pressure of 5 ϫ 10 −7 Torr for 20 min. A polycrystalline PtIr tip was used in the experiments.
The STM image in Fig. 1͑a͒ shows the typical surface geometry of the PbO islands formed on Pb͑111͒ surface. The PbO islands have two different apparent heights above the Pb surface at a bias voltage of 0.5 V: 0.38 nm for PbO-I ͑2 ML above Pb͒ and 0.12 nm for PbO-II ͑1 ML above Pb͒, respectively. The apparent height generally depends on the bias voltage. Due to the diffusion of Pb atoms during oxidation, additional layer of Pb ͓labeled by Pb ‫ء‬ in Fig. 1͑a͔͒ appears on the top of the Pb͑111͒ surface.
The image with atomic resolution ͓Fig. 1͑b͔͒ for PbO shows that the PbO film has a rectangular lattice structure with lattice constants of 0.51 and 0.59 nm, 22 respectively. The stripes in the image of PbO are attributed to the Moiré patterns originated from the overlapping between the rectangular lattice of PbO and the triangular lattice of the underlying Pb͑111͒ substrate.
The electronic structure of PbO films was characterized with low temperature STS. Figure 1͑c͒ shows the typical dI / dV spectrum of PbO grown on 14 ML Pb. Between Ϫ3 and 1.8 V, the spectrum is flat with small differential conductance. Although the tunneling electrons can still penetrate the insulating layer, the electron density of states is greatly supa͒ Electronic mail: qkxue@mail.tsinghua.edu.cn. pressed within the energy gap of PbO films. The onset for the conduction band of PbO appears at 1.8 V, where dI / dV starts to increase. The two peaks at 2.07 and 2.46 V are attributed to the bands of PbO with mainly 6p character of Pb. 23, 24 It is also noted that the dI / dV spectra on both PbO-I and PbO-II are essentially the same if the tip-sample separation is large enough.
The thickness of the PbO islands can be determined by the electronic features within the energy gap of PbO. By moving the STM tip closer to the oxide surface, additional peaks in dI / dV are revealed at 1.16 V ͓PbO-I, Fig. 2͑a͔͒ and 0.66 V ͓PbO-II, Fig. 2͑b͔͒ , respectively. These features are attributed to the quantum-well states ͑QWSs͒ of the underlying Pb film, which are detectable on oxide at small tipsample separation. The QWSs are formed in Pb film due to the strong quantum confinement of electron motion along the film normal direction. 21, 25, 26 The energy spectra of the QWSs depend on and can be utilized to determine the thickness of Pb film. By comparing the electronic structure on oxide with the QWSs on bare Pb film surface ͑Fig. 2͒, the thicknesses of the Pb film below PbO-I and PbO-II are found to be 14 and 13 ML, respectively. Therefore, as shown in the insets of Fig.  2 , both PbO-I and PbO-II are in fact 2 ML thick while PbO-II has one atomic layer imbedded in the underlying Pb substrate. The above analysis is consistent with the doublelayer PbO massicot structure model used to explain the autocatalytic oxidation behavior of lead crystallite surfaces. 22 The ultrathin insulating films decouple the adsorbates electronically from the metallic substrate and allow the study of the inherent electronic properties of the adsorbed molecules. To demonstrate the decoupling capability of the double-layer PbO, we measured the spin excitations of single manganese phthalocyanine ͑MnPc͒ molecule in magnetic field. Similar to the various insulating layers used in the past studies, [13] [14] [15] [16] [17] PbO serves as a buffer to prevent the spins above it from being quenched by the metallic substrate and increase the lifetime of spin excitations.
The spin excitations were measured by the spin-flip inelastic electron tunneling spectroscopy ͑IETS͒ with STM, [13] [14] [15] [16] [17] which provides an effective way to study single spin. Above a threshold bias voltage at Ϯ⌬ / e ͑where ⌬ is the Zeeman energy and −e is the charge on an electron͒, the tunneling electrons may transfer energy to the spin degree of freedom of individual molecules. The threshold is represented by a steplike increase in dI / dV at Ϯ⌬ / e.
A MnPc molecule ͓Fig. 3͑a͔͒ consists of a stable -conjugated macrocyclic ligand and a Mn 2+ ion located at the center. The molecules ͑Aldrich Inc.͒ were thermally sublimed onto the surface at room temperature. They tend to adsorb on the metallic Pb surface. Upon adsorption, the magnetic moment of MnPc is reduced from 3 B of an isolated molecule to 0.99 B and further screened by the Kondo effect. 26 To observe the spin-flip IETS, the molecules have to be decoupled from the metallic substrate by moving MnPc onto the oxide with an STM tip. The manipulation could be easily achieved if Pb and PbO have similar heights, i.e., between PbO-II and Pb ‫ء‬ . Figure 3͑b͒ shows the image of a MnPc molecule on PbO. The spin-flip IETS is indicated by the symmetric steps around Fermi level in dI / dV ͓Fig. 3͑c͔͒. The Zeeman splitting ⌬ = g B B, where B is the Bohr magneton and g is the Landé g-factor, allows the spin-flip excitation at an energy proportional to the applied magnetic field B. To completely quench the superconducting state of Pb, the magnetic field used in the experiments was above 3 T. A linear fitting of the Zeeman splitting as a function of the magnetic field yields a g-factor of 2.25 ͓Fig. 3͑d͔͒ for a MnPc molecule on PbO surface. The g-factor deviates no- ticeably from that of a free electron and a MnPc molecule directly absorbed on Pb ͑Ref. 26͒ due to the local chemical environment of the Mn ion, similar to the discussion in the context of electron paramagnetic resonance. In summary, we have prepared PbO ultrathin films on Pb͑111͒ surface. The morphology and electronic structure of PbO film were investigated by STM and STS. The insulating oxide layers suppress the electron density of states around the Fermi level. We demonstrate that the adsorbates on PbO are effectively decoupled from the metallic substrate as been in the spin-flip IETS of a single MnPc molecule on PbO.
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